The head smut fungus, Sporisorium reilianum ([Kuhn] Landon and Fullerton), was shown to reduce plant height in infected Sorghum bicolor ([L.] Moench) plants. The major reductions occurred in the internodes nearest the panicle and were more severe in naturally infected than in inoculated plants. Less affected plants developed reproductively sterile panicles, and eventually smutted panicles developed phyllodied growths which progressed into leafy shoots. Extracts of smutted, sterile, and healthy (control) panicles of field-grown plants exhibited gibberellin (GA)-like activity in the dwarf rice bioassay. When extracts were purified and assayed with deuterium-labeled GA standards by gas chromatography-mass spectrometry-selected ion monitoring (GC-MS-SIM), GA1, GA3, GA19, GA20, and GA53 were detected based on coelution with the standards, identical Kovats retention index values, and matching ion masses and relative abundances for three major ions. In addition, based on published Kovats retention index values, ion masses, and relative abundance values, GA4, GA7, GA8, GA14, GA29, and GA44 were tentatively identified. Quantitative analysis revealed that panicles of healthy control plants contained from 60 to 100% higher total concentrations of GAs than panicles of smutted plants. These comparisons were most striking for the early 13-hydroxylation pathway precursors GA53, GA44, and GA19 but not for GA20. Extracts of S. reilianum sporidia and culture medium exhibited GAlike bioactivity, and GA1 and GA3 were detected based on GC-MS-SIM assay with 2H-labeled internal standards. Quantitative analysis of these GAs showed increasing concentrations from 4 to 7 to 10 days of culture and a decline at 20 days. This is the first GC-MS-SIM detection of GAs in a non-Ascomycete fungus, and the disease symptoms and quantitative data suggested that fungal infection may interfere with biosynthesis of GAs by the host plant.
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Throughout the world, sorghum (Sorghuim bicolor [L.] Moench) is attacked by the head smut disease organism, Sporisoriium reilianuim (Kuhn [Langdon and Fullerton]) (10, 29) . The pathogen primarily colonizes the plant's reproductive structures and there develops its own sorus filled with teliospores. ' Some aspects of head smut in sorghum suggest that plant hormones are involved in the disease. Inflorescences of infected plants that do not develop sori are sterile reproductively (8, 9, 29) . Inflorescences with sori only on the lower panicle branches are always sterile in the upper branches. Less commonly, panicles exhibit leafy or phyllodied development, and heavily infected panicles will eventually differentiate leafy shoots (5, 8, 9, 22, 29) . These leafy shoots can be removed and cultured as separate, although infected, plants (5). It has long been noted that head smut causes a substantial reduction in plant height (8) and that effect was documented recently (18) . We have also observed that head smut alters plant color to a more bluish green.
Because plant height and sexual development both are altered in maize mutants with blocks in their GA' biosynthetic pathway (13, 21) , the symptoms of sorghum head smut suggested to us that GAs may be involved in the expression of disease symptoms. Based on the GAs detected in vegetative plants (2, 25) , sorghum apparently contains the same biosynthetic pathway as maize (21) . We have examined the effect of head smut on the height of both naturally infected and inoculated sorghum plants and on the GA content of panicles. In addition, we have examined the possibility that S. reilianuim produces GAs in culture. 
MATERIALS AND METHODS

Fungus Studies
To study the possible presence of GAs in S. reilianum, we used teliospores from a field collection which had been characterized and routinely used in our laboratory (No. 10-Fh-GS, collection date 6/23/87; OD-SC, 170-6-17, collection site Hondo, TX). Sterile techniques were used in all stages of this work. The fungus was inoculated into 1-L flasks containing 500 mL of Richard's medium (27) and then put on a rotary shaker (100 rpm) at 25 ± 2°C for 4, 7, 10, and 20 d (pH 3.5-4.0). Because the fungus grows in this medium by budding, purity of the cultures was verified by plating small amounts of culture liquid on Petri plates containing Nash and Synder agar (19) for detection of Fusarium species or on nutrient agar (27) for bacteria. After 24 h, the test plates were observed for purity of S. reilianum. This procedure was repeated a second time before cultures were harvested and processed for isolation of GAs as an assurance that they were pure. To prepare these fungal cultures for extraction of GAs, fungus and culture medium were separated by centrifugation for 20 min at 10,000g (4 L each for cultures 4 or 7 d old and 2 L each for those 10 or 20 d old). The pellet was frozen at -80°C and lyophilized. Because the high sugar content of the culture medium made column chromatography difficult, the supernatants of each sample were pooled, acidified to pH 2.9 with 2 N HCI, and partitioned three times with water-saturated ethylacetate. The acidic ethylacetate phase was dried in vacuo at 35°C and stored in a -80°C freezer. The remaining aqueous phase was discarded.
As an additional control, 500 mL of 4-d-old Richard's medium (27) , which contained no fungus, was extracted to determine whether components of this medium contained GAs.
Extraction and Detection of Endogenous GAs
Extraction, purification, and detection of GAs were done by methods described by Beall et al. (2). Briefly, approximately 2 to 3 g of lyophilized, finely ground panicle tissue were used for each extraction. The lyophilized fungal samples were weighed, the residue from the culture medium was solubilized in approximately 10 mL 80% aqueous methanol, and both the fungal and the culture medium residue samples were combined. Further extraction and purification were the same for the plant material and the combined fungal and culture medium samples. Samples were extracted in 80% aqueous methanol to which approximately 50,000 dpm each [l,2,3H]GA1 and [ 1,2-3H]GA4 (respectively, 37.7 and 32.2 Ci/ mmol; Amersham) were added. This extract was chromatographed on a Davisil C,8 (Alltech) column and then on a SiO2 column. A precipitation step previously used at this point (2) was not used in the present work. The free GA fraction was then separated by C18 HPLC and the subsequent fractions were tested with the dwarf rice bioassay ( 17) . Active fractions were grouped, chromatographed on a 10-tim Nucleosil N(CH3)2 HPLC column (Alltech), and again bioassayed (17) . Only the free GA fraction was analyzed. Previously, the precursor and conjugated GA fractions were found to contain very small or nondetectable amounts of GA activity in vegetative sorghum tissues (2), and they were not analyzed in this study. Addition of deuterated GA internal standards was delayed until after this point to ensure that they did not interfere with the bioassays.
Fractions exhibiting significant bioactivity were prepared for mass spectrometry by addition of 50 ng of an appropriate deuterated GA standard and subsequent derivatization by ethereal diazomethane and silylation, with bis-(trimethylsilyl)trifluoro-acetamide in 1% trimethylchlorosilane. The samples prepared this way were then analyzed by GC-MS-SIM operated at the conditions described previously (2).
Quantitation was based on the peak area ratios of the most prominent ion (usually M+) of deuterated to nondeuterated compounds after correcting the nondeuterated peak area for any contribution from the deuterated species determined from standard runs. The amount of added deuterated standard (50 ng) was high in comparison with the endogenous GA content; therefore, the contribution from the endogenous GA to the deuterated peak area was negligible. At least three ions were measured for confirmation of identity.
RESULTS
S. reilianlum infection results in a very severe dwarfing of sorghum plants (Fig. 1) . Both plant height and weight were reduced to a statistically significant degree. Naturally infected plants were dwarfed more than inoculated, diseased plants. With both inoculation and natural infection of S. reilianum, >50% of the reduction in height occurred in the peduncle and the next two internodes below the panicle. In addition to these data from 44 F, hybrids, similar statistically significant trends were noted for three F2 lines, 12 F4, F5, and F7 lines, and nine inbred lines (data not given). Based on the occurrence of similar numbers of nodes in healthy and infected plants, S. reilianlum did not significantly alter the date of anthesis (data not given).
The observations of symptoms of S. reilianum were repeated in 1990 for Tx7078, the cultivar used for GA studies. Typical sterile, phyllodied, smutted, and control plants were harvested from 14 plots. The effect of head smut on height was the same as the previous year; height was reduced and the effect was more strongly expressed in the youngest internode (peduncle) (Table I) of the infected plants. Those No./plant Natural infection Sterilea 60.4 ± 10.2 23.6 ± 7.6 5.4 ± 0.8 2.9 ± 0.6 2.6 ± 1.8 1.2 ± 0.9 Phyllody 48.4 x 6.0 11.7 ± 2.8 5.8 ± 1.5 4.1 ± 1.1 2.4 ± 0.7 0.1 ± 0.3 Smutb 42.8 ± 5.4 9.4 ± 1.4 5.1 ± 1.3 3.5 ± 0.6 2.0 ± 0.8 0 Control 86.5 ± 6.9 32.7 ± 3.9 7.7 ± 1.7 4.5 ± 1.0 0.6 ± 1.0 0 Inoculated Sterilea 62.9 ± 9.2 17.1 ± 7.7 4.7 ± 1.1 3.1 ± 0.3 2.5 ± 1.6 1.5 ± 1.1 Phyllody 48.2 ± 5.4 10.7 ± 3.1 4.7 ± 1.0 3.9 ± 0. a Nucleosil N(CH3)2 column, and the fractions showing GAlike activity (Fig. 2 , B and C) were combined, an appropriate deuterated standard was added, and the fractions were derivatized and subjected to GC-MS-SIM. The detection of endogenous GAs was based on HPLC retention times, co-chromatography on the GC with appropriate deuterated standards, KRI values, and relative abundances of three ions. These data are shown for smutted panicles in an advanced stage of the disease (Table II) . GA8 was detected in fraction I, GA, and GA3 in fraction 112, GA14 and GA53 in fraction III,, GA7 and GA20 in fraction 1112, and GA19 in fraction I113. The GA-like bioactivity in fractions II, and III4 could not be identified by the GC-MS-SIM data obtained on those fractions. In sorghum panicles showing early stages of smut disease symptoms, GA4, GA29, and GA44 were also detected (Table III) , although they had not been detected in panicle tissue exhibiting a more advanced stage of symptom expression (Table II) . Similar data for the bioassay as well as for the GC-MS-SIM detection and quantification of endogenous GAs were obtained for the other samples. Authentic standards for GA4, GA7, GA8, GA14, GA29, and GA44 were not available, but we compared published KRI values, ion masses, and relative abundances (12, 26) to the values in Tables II and III , and we made the tentative detections of GA4, GA7, GA8, GA,4, GA29, and GA44 listed in Tables II and III. Quantitative analysis of endogenous GAs was done for smutted, sterile (reproductive development incomplete, but sori not visible) and control inflorescences from three different plots (Table IV) . GA3, GA19, GA20, and GA53 were detected in most analyzed samples. Some panicles also contained GA44 which suggests that the conversion of GA-3 to GA44 and GA19
to GA,(1 leading to GA3 is the pathway that is active in inflorescences. In smutted panicles, in the three plots examined, the total amount of GA53, GA44, and GA,9 was reduced approximately 90% in comparison with controls (Table IV) .
In the same comparison, the total amount of GA53, GA44, and GA, in sterile panicles was reduced by approximately 50
to 80% compared to the controls (Table IV, plots 1095 and  1580) . GA14 was detected only in smutted inflorescences. In the smutted heads with teliospores (Table IV, GA3 than control panicles and they also contained GA, and GA7 (Table IV) , we suspected that the smut pathogen is able to produce GAs. Culture filtrates of S. reilianuim contained GA-like activity in the dwarf rice bioassay (Fig. 3 ). Richard's medium, which was 4 d old and did not contain fungus, did not contain any detectable GA by bioassay or GC-MS-SIM analysis (data not shown). Therefore, the GA activity occurring in the smut culture filtrates was produced by the fungus. The fractions were combined, as indicated in Fig. 3 , and prepared for GC-MS-SIM. In the fraction groupings that contain GA4 as internal standard, we did not detect any of the GAs that had been found in the smutted sorghum panicle tissues (Table IV) (GA4, GAI4, GA19, GA20, and GA53). Even GA7, only detected in smutted tissue showing mature teliospores (Table IV) , was not present in the S. reilianum samples analyzed by GC-MS-SIM (Table V) . We did detect GA, and GA3 in the fractions co-eluting with authentic GA, and GA3 (Table V) . Quantification of these GAs (Table VI) (8) and that symptom was strongly expressed in these experiments (Fig. 1) . The occurrence of height reduction across a wide range of sorghum varieties and hybrids indicates that it is fundamental to the disease process. That the reduction in height was greater for naturally infected plants than those inoculated (Fig. 1) gests that fungal invasion occurred earlier after germination in the former or that the naturally occurring pathogen was more virulent than the isolate used for inoculation. Except in very late flowering varieties, almost all internode elongation occurs after floral initiation (23) . However, the greatest inhibition of elongation occurred in the last internode (peduncle), and the reduction in internode length was progressively less in internodes farther away from the panicle (Fig. 1) . This same trend was recently noted for a natural head smut infection in a commercial sorghum field (18) . In addition, reproductively sterile plants showed less height reduction than smutted plants ( 18) . These observations are consistent with a hypothesis that the panicle is a major source of GAs and that infection with S. reilianum reduces the supply ofGAs, thereby inhibiting elongation of the peduncle and adjacent internodes most severely as the pathogen overruns the panicle and sori develop. When symptoms are less severe, i.e. sterile heads, the production of GAs by the panicle is less affected and dwarfing is not so severe. This hypothesis does not exclude the possibility that GAs are also made in nodes or internodes and thereby influence elongation.
Tx7O78, the cultivar used in the GA analysis studies, responded to head smut the same way the larger and more diverse sorghum population did the year before (Table I) (Table  I) . The most severely dwarfed plants (smutted) exhibited less disease-induced tillering than the less dwarfed plants (sterile or phyllody developed on a smutted head). This suggests that the most severely diseased plants are unable to support tiller growth, whereas those with less severe symptoms experience hormone changes that promote tillering, and they maintain sufficient energy to support tiller growth. It seems possible that the promotion of tillering (Table I ) results from the reduction in GA levels observed in smutted and sterile plants (Table IV) . GA3 application to sorghum inhibits tillering ( 14, 16) , and a genotype found to contain elevated GA levels does not tiller (2). Treatment of the GA-overproducing genotype with the GA synthesis inhibitor tetcyclacis promoted tillering (2). It seems likely that in Tx7O78 head smut reduced GA levels and thereby promoted tillering.
Based on the detection of GA53, GA44, GA,9, GA2o, GA,, and GA3 in the panicles (Tables II-IV) , we conclude that the early 1 3-hydroxylation pathway (21) occurs in sorghum panicles as previously detected in vegetative tissues (2, 25). In vegetative tissues, GA, has usually been the major biologically active GA, and GA3 was found in smaller amounts (2). However, in panicle tissue, whether infected or healthy, GA3 was more frequently detected and occurred in greater concentrations than GA, (Table IV) . Perhaps GA3 is a more stable GA than GA, or perhaps it is the GA stored in seeds. In contrast, the ratio of GA, to GA3 in vegetative maize tissue is 50:1 or greater( II).
Because diseased plants were reduced in height ( Fig. 1 ) and exhibited a 50 to almost 100% reduction in GA concentration (Table IV) , it seems possible that GAs are involved in the expression of smut symptoms. This relationship would be similar to the case with dwarf maize mutants in which the GA biosynthetic pathway is blocked, the concentration of GAs is reduced, and plants fail to achieve normal shoot elongation (1 1, 21).
As noted by Takahashi et al. (26) , it was once believed that among fungi only Gibberella fujikuroi (Fusarium moniliforme) produces GAs. In 1979, GA4 was isolated from Sphaceloma manihoticola, a pathogen of cassava (24) . Later, GA3 was detected at low levels in Neurospora crassa (15) . This suggested a wide distribution of GAs in the Ascomycetes (26); however, the sorghum head smut organism, S. reilianuim, is a Basidiomycete (28) and as such is the first nonAscomycete fungus shown by GC-MS-SIM analysis to produce specific GAs. Previously, culture filtrates from a number of Basidiomycetes were bioassayed with hybrid maize seedlings and no GA-like activity was detected (6) . Later, Pegg (20) extracted fruiting bodies (sporophores) of five Basidiomycetes present in mycorrhizal associations with trees and found GA-like activity in the dwarf-5 maize bioassay for all five species. There have also been two identifications of GAs in bacteria (1, 4). Our confidence in the isolation from S. reilianum is based on several facts: GA activity did not occur in the medium on which the fungus was cultured, the cultures extracted were determined to be free of bacterial or fungal (especially Fusarium spp.) contamination, the bioassay data and GC-MS-SIM data were consistent, GAs were detected by both bioassay and GC-MS-SIM in several different lots of fungus and culture medium grown at different times, and the GAs specifically detected (GA, and GA3) were compared to deuterium-labeled internal standards which co-eluted and produced matching fragmentation patterns and KRIs (Table  V) . Thus, although it is likely that other GAs occur in S. reilianum, is seems clear that this Basidiomycete produces GA, and GA3 when cultured on Richard's medium. It will be appropriate now to do large-scale extractions of S. reilianilm and obtain full-scan mass spectra of all the GAs present to further confirm their occurrence and determine which ones occur other than GA, and GA3. We assume that GA4, GA7, and GAI4 (Tables II, II, IV) , not associated with the early-13-hydroxylation pathway (21) and not found in sorghum previously (2, 25), are produced by S. reilianum infection. However, two of the control panicle samples contained small amounts of GA4, and we have no evidence to identify the source of this GA.
One question is why does a fungus that produces GAs in culture reduce rather than increase plant height. GA3 found in the fungal culture medium extract does promote shoot elongation in sorghum (2). The most striking comparison in the data is the reduction in early-I 3-hydroxylation precursors which occurred in all smutted or sterile panicle samples compared to their appropriate controls (Table IV) . This reduction suggests that this pathway is blocked or that precursors are diverted to other uses by the fungus. The result could be a deficiency of bioactive GAs at the time of internode elongation. As teliospore development progressed, we observed an increase in levels of bioactive GA, and GA3 (Table  IV , compare plot 1132 with 1095) which might be associated, along with other hormones, with the initiation of tissue proliferation and leafy growths that become obvious after spore maturation. Recently, Bhaskaran et al. (3) demonstrated that addition of GA3 to tissue culture media causes the reversion of floral primordia of sorghum to vegetative shoots. This response is similar to the phyllody symptoms of sorghum head smut. It further suggests that smutted plants may first exhibit symptoms resulting from low GA levels and later symptoms resulting from an increase in GA levels. More work will be necessary to clarify the status ofGAs in smutted plants.
